b 2-Chlorophenyl isocyanate (CI) reacts with didodecyl dimethyl ammonium bromide (DDAB) functionalized graphene oxide (DDAB-GO) dispersed in ortho-dichlorobenzene under mild conditions. The CI treatment complements DDAB functionalization to further decrease the hydrophilicity of pristine GO sheets. The resulting CI-DDAB-GO exhibits improved compatibility with the conjugated polymer poly(3-hexylthiophene) (P3HT), compared to DDAB-GO. CI-DDAB-GO sheets can be homogeneously dispersed when blended with P3HT, resulting in an improved morphology compared to P3HT:DDAB-GO composites. The incorporation of CI-DDAB-GO can effectively reduce the dark current of photo-diodes based on P3HT composites, showing potential to enhance the performance of electronic devices based on conjugated polymer composites.
Introduction
Graphene oxide (GO) is a 2-D carbon material that exhibits good solution processibility and is available at relatively low cost.
1,2 It can be readily dispersed in water owing to its hydrophilic nature provided by oxygen containing groups, i.e. epoxy and hydroxyl in the basal plane, carbonyl and carboxyl at the edge. 3 It has been widely reported that the incorporation of GO into polymers can produce composite materials with improved optical, 4 electrical, 5 and gas/water barrier properties. 6 However, the hydrophilic nature of GO hampers its dispersion in common solvents except water, seriously limiting the preparation of polymer:GO composites. Fortunately, the oxygen-containing groups in GO provide reaction sites for both non-covalent and covalent functionalization by graing oleophilic groups, 7 rendering GO dispersible in organic solvents.
Isocyanate functionalization has been a well adopted route for the covalent modication of GO proposed by Stankovich et al. in 2006.
8 They treated GO powder suspended in anhydrous N,Ndimethylformamide (DMF) with a variety of isocyanates, such as phenyl isocyanate, tert-butyl isocyanate and p-acetylphenyl isocyanate. Isocyanate treated GO (iGO) can be easily exfoliated in polar organic solvents such as DMF, N-methylpyrrolidone (NMP) and dimethyl sulfoxide (DMSO). However, as reported, iGO cannot be dispersed in non-polar solvents, and this limits its applications where non-polar solvents are required. 9 Previously, we have succeeded in the synthesis of didodecyl dimethyl ammonium bromide (DDAB) functionalized GO (DDAB-GO), which can be well dispersed in ortho-dichlorobenzene (DCB), by using an ionic functionalization pathway. 10 As widely reported, the compatibility between GO and polymers plays a crucial role in determining the mechanical, electrical and thermal properties of the polymer:GO composites.
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Despite possessing good dispersibility in nonpolar solvents, DDAB-GO has poor compatibility with an added polymer phase. Cast lms of a polymer or polymer blend that includes DDAB-GO invariably have poor morphologies, which in turn adversely affect performance and limits applications.
14 Thus, there is a need to improve the compatibility of functionalized GO sheets with polymers in order to enhance the performance and applications of materials based on GO-polymer composites.
In this work, we combined two functionalization strategies for GO by treating DDAB-GO dispersed in DCB with 2-chlorophenyl isocyanate (CI). The resulting CI treated DDAB-GO, denoted as CI-DDAB-GO, exhibits nonpolar solvent dispersibility and improved compatibility with the conjugated polymer, poly(3-hexylthiophene) (P3HT). Photodiode devices based on the resulting conjugated polymer composite show improved performance. dimethyl ammonium bromide (DDAB) and 2-chlorophenyl isocyanate (CI) were purchased from Aladdin Industrial Corporation (Shanghai, China). P3HT was purchased from Sigma-Aldrich Corporation (USA). All solvents including ethanol, DCB, hexane from Aladdin Corp. are of ACS grade purity and used as received without further purication.
Preparation of DDAB-GO and CI-DDAB-GO
A graphene oxide aqueous dispersion (1 mg ml
À1
) was prepared by dispersing the required amount of graphite oxide powder into deionized water followed by ultrasound sonication (200 W) for 5 hours in a water bath with the temperature kept below 35 C. 5 ml of the brown GO aqueous dispersion was loaded into a 30 ml glass bottle, aer which 5 ml DDAB solution (1 mg ml À1 ) dissolved in water/ethanol (1 : 1) was added with shaking to accomplish the ionic functionalization of GO by DDAB, leading to the coagulation of DDAB-GO. 5 ml DCB was added to the resulting suspension followed by simple shaking and then allowed to stand for a few minutes to obtain phase separation with DCB in the bottom and water/ethanol mixture as the supernate. Aer the removal of the supernate, 5 ml ethanol and water were sequentially added to the resulting DCB dispersion with magnetic stirring for 6 hours to extract out the excess DDAB. This purication process was repeated three times to obtain puried dispersions of DDAB-GO in DCB with a concentration of 1 mg ml À1 . 2 ml DDAB-GO (DCB) dispersion was coagulated by adding 2 ml n-hexane and centrifuged at 5000 rpm for 30 min to collect the precipitate. The precipitate composed of DDAB-GO was dried in an oven and re-dispersed into DCB by simple ultrasound sonication, producing DDAB-GO dispersions of the required concentration. 400 ml 2-chlorophenyl isocyanate (CI) was added to a 2 ml DDAB-GO (DCB) dispersion (1 mg ml À1 ) followed by magnetic stirring for 12 hours at room temperature. The reaction product was coagulated by adding 2 ml n-hexane and collected as a precipitate aer centrifugation at 3000 rpm for 30 minutes. The precipitate was re-dispersed into 2 ml fresh DCB with a few minutes of ultrasound sonication and subsequently centrifuged at 3000 rpm for 10 min, discarding the white sediment. The dark brown supernate was allowed to precipitate by adding 2 ml n-hexane and centrifuged at 5000 rpm for 30 min to collect the precipitate. This procedure was repeated 3 times to debride any residual CI or other wastes. Finally, the precipitate composed of CI-DDAB-GO was dried in an oven and re-dispersed into DCB by simple ultrasound sonication to provide CI-DDAB-GO dispersions of the required concentration. 20 mg ml À1 P3HT in DCB was mixed with 2 mg ml À1 DDAB-GO and CI-DDAB-GO DCB dispersions in a volume ratio of 1 : 1 to form P3HT : (10 wt%) GO composite solutions. Films of these composites were prepared by spin-casting at 600 rpm for 45 s on various substrates in a N 2 lled glove box.
General characterization
Atomic Force Microscopy (AFM) images of DDAB-GO and CI-DDAB-GO sheets deposited on Si substrates from the diluted dispersions and P3HT:GO blend lms deposited on glass substrates were obtained using a Multimode Scanning Probe Microscope (NanoScope-IIIA, Veeco Metrology Group) operating in tapping mode. The optical microscopy images of lms are obtained using a microscope (Olympus) combined with CCD detector. X-ray photoelectron spectroscopy (XPS) measurements of GO and rGO were obtained using a X-ray Photoelectron Spectrometer (Escalab-250, Thermo Electron Co.). The UV-vis spectra of GO samples drop-cast on quartz substrates and polymer composite lms spin-cast on glass substrates were obtained using a UV-visible dual-beam spectrophotometer (TU-1900, PG Instruments Co., Ltd.). The steady state photoluminescence (PL) spectra of the lms were collected by a ber optic spectrometer (PG2000-Prn, Morpho Inc.) aer excitation by a 532 nm laser. The time resolved photoluminescence decay proles of the composite thin lms were obtained by using the time-correlated single-photon counting (TCSPC) technique. The excitation wavelength of 400 nm was generated by frequency doubling the output of Ti:sapphire laser (Mai Tai HP, SpectraPhysics) at 80 MHz. The power of the laser was set at 0.2 mW. The PL data were collected by a Halcyone spectrometer (Ultrafast Systems). The data were tted using Gaussian and exponential convolution methods.
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Grazing incidence wide angle X-ray scattering
Grazing incidence wide angle X-ray scattering (GIWAXS) measurements of polymer composite lms spin-cast on silicon substrates were conducted at the Shanghai Synchrotron Radiation Facility (SSRF) using the BL16B1 beamline with a photon wavelength of 0.124 nm. The incidence angle of the X-ray is set to be 0.12 . The scattering intensity was detected by a CCD detector (MAR-165) with a pixel size of 80 mm. The distance between the sample center and detector is 240 mm. The 2-D image analysis was performed using the soware Fit2d.
Photoconductivity measurements
To measure the photoconductivity of the P3HT based composite lms, photodiode devices with the structure of organic polymer solar cells (i.e. ITO (glass)/ZnO (40 nm)/composite lm/MoO 3 (8 nm)/Ag (100 nm)) were fabricated. ZnO lms used as the electron transporting layer were spin-cast from a Zn(OH) 2 sol followed by baking at 200 C for 1 h. 15 Both MoO 3 , the electron blocking layer, and Ag were deposited by thermal evaporation in vacuum through a shadow mask to form an active area of 9 mm 2 . The dark current and photocurrent of the composite lms under 100 mW cm À2 white light illumination were measured by a Keithley-2400 SourceMeter (Keithley Instruments Inc., Cleveland).
Results and discussion
Pristine GO is a hydrophilic material that is unable to be dispersed in organic solvents limiting its application in organic phase conditions. Aer DDAB functionalization or further CI treatment, DDAB-GO/CI-DDAB-GO can be effectively dispersed in DCB as demonstrated by AFM imaging. The AFM images of DDAB-GO and CI-DDAB-GO deposited from DCB dispersions are shown in Fig. 1 . It can be readily inferred that both images are exfoliated single layers as the sheet thickness, given by the height proles, approximates the reported thickness of pure GO. 16 The thickness of CI-DDAB-GO ($1.3 nm) is larger than that of DDAB-GO ($1.0 nm), indicating the graing of chemical groups to the basal plane of DDAB-GO sheets aer the CI treatment.
The UV-vis absorbance spectrum of DDAB-GO (Fig. 2a) shows a main absorption peak at 227 nm corresponding to the p-p* transition of the graphitic domains in the GO plane. 17 This peak is red-shied to 245 nm and broadened aer CI treatment, indicating the enlargement of sp 2 conjugation area. In addition, a new absorption peak at 204 nm emerges for CI-DDAB-GO that can be assigned to the characteristic absorption of aromatic rings from CI, implying the attachment of CI to DDAB-GO. It has been reported previously that the hydroxyl groups (C-OH) and carboxyl groups (-COOH) in GO can react with isocyanate to form carbamate esters (-NH-COO-) and amide esters (-NH-CO-), respectively. 8 The chemical changes of DDAB-GO aer CI treatment are also revealed by FTIR and XPS techniques.
The FTIR spectrum of DDAB-GO has characteristic bands at 1732 cm À1 , corresponding to the C]O stretching mode from the carboxyl and carbonyl groups of GO, and at 1258 cm À1 , corresponding to the C-OH stretching mode from the hydroxyl groups. 18 Aer CI treatment, the C]O stretch becomes broadened with its peak shiing to 1739 cm À1 in the FTIR spectrum of CI-DDAB-GO, consistent with the reported absorption band for the C]O bond from carbamate esters (-NH-COO-). 19 This band is also called the amide I mode. A band at 1642 cm À1 can be assigned to the amide I mode of the C]O stretching from amide esters (-NH-CO-). 8 Amide II modes contributed by the N-H in-plane bending, the C-N stretching, and the C-C stretching vibrations are seen at 1590 cm À1 and 1538 cm À1 corresponding to the carbamate and amide esters, respectively. Amide III modes involving the C-N stretching coupled by N-H deformation modes are also observed at 1290 cm À1 and 1228 cm À1 . The C-OH stretch disappears in the spectrum of CI-DDAB, indicating the consumption of hydroxyl groups during the CI treatment. The C-H symmetric and asymmetric stretching mode at 2854 cm À1 and 2924 cm À1 corresponding to alkyl chains of DDAB are present in CI-DDAB-GO, suggesting that the ionic bonded DDAB chains at the carboxyl sites of GO are largely preserved aer CI treatment.
The XPS survey spectra of DDAB-GO and CI-DDAB-GO (Fig. 2c) show O 1s peak (532 eV), N 1s peak (402 eV), and C 1s peak (285 eV). The N 1s peak is obviously enhanced in CI-DDAB-GO, consistent with the introduction of additional N atoms aer CI treatment of DDAB-GO. Two peaks can be tted at 399.2 eV and 402.0 eV in the high resolution N 1s spectrum (Fig. 2d) . For DDAB-GO, the main peak located at 402.0 eV is ascribed to the C-N bonds from the DDAB molecules. The main peak at 399.2 eV for CI-DDAB-GO arises from the carbamate and amide groups. 20, 21 The C 1s XPS spectra of DDAB-GO and CI-DDAB-GO are shown in Fig. 2e with the peaks tted by LorentzianGaussian tting. Four peaks can be tted for DDAB-GO as follows, C]C-C sp 2 bonded carbon atoms from aromatic rings (284.6 eV), C-C bonded carbons from the alkyl chains of DDAB (285.2 eV), C-O bonded carbons from both epoxy and hydroxyl groups (286.5 eV), and C]O bonded carbons from carboxyl groups (288.2 eV). Aer CI treatment, the peaks at 285.2 eV and 288.2 eV are broadened and enhanced for CI-DDAB-GO. These can be ascribed to the superposition of peaks from C-N bonded carbons (285.2 eV) and the C]O carbons (288.2 eV) from carbamate/amide groups. 22 Therefore, the existence of chemical bonds linking CI and DDAB-GO is clearly conrmed.
Based on the above analyses, we propose the reaction scheme from GO to DDAB-GO, then to CI-DDAB-GO as depicted in Scheme 1. During the DDAB functionalization, the DDAB cations possessing two long alkyl chains are mainly attached to the ionized carboxylic anions at the edge of GO sheets through ionic bonds as carboxyl groups are more easily ionized than hydroxyl groups. The DDAB-GO dispersed in DCB can covalently react with CI. The aromatic ring of CI can covalently link to the C-OH groups at the basal plane and C-OOH groups at the edge of DDAB-GO sheets by forming carbamate/amide esters. Due to the occupation of carboxylic sites by DDAB, it is believed that the CI groups are mainly bonded to the basal plane of DDAB-GO. Thus, CI treatment of DDAB-GO can provide a complementary route to DDAB functionalization, resulting in CI- DDAB-GO with the edge and basal plane both linked to oleophilic functional groups.
The hydrophilicity of GO is decreased aer the DDAB functionalization as revealed by contact angle measurements. The contact angle of deionized water droplets on the surface of a GO deposited lm is 30. 4 , which increases to 42.3 for DDAB-GO as shown in Fig. 3 . A further decrease of hydrophilicity of DDAB-GO results from the CI treatment. The contact angle for CI-DDAB-GO is 65.5 , which is much larger than both GO and DDAB-GO. The decreased hydrophilicity of CI-DDAB-GO compared to DDAB-GO highlights the effectiveness of the CI treatment to impart functionalized GO with improved dispersibility in non-polar solvents and thus may improve the compatibility of CI-DDAB-GO with organic polymers. Poly(3-hexylthiophene) (P3HT) is a well-known conjugated polymer with good electrical and optical properties that has been widely used in organic electronics. P3HT:GO composites have attracted considerable research attention as they have potential applications as photocatalysts and as photovoltaic materials. 23, 24 Here, P3HT is chosen to explore the compatibility of the functionalized GO materials with a conjugated polymer.
The optical microscopy images of P3HT, P3HT: 10% DDAB-GO, and P3HT: 10% CI-DDAB-GO are shown in the upper panel of Fig. 4 . The surface morphology of P3HT: 10% DDAB-GO is rough compared to that of pure P3HT lms. Aggregates with dimensions on the tens of microns scale are induced by DDAB-GO, showing the poor compatibility between P3HT and DDAB-GO. However the morphology of P3HT: 10% CI-DDAB-GO is markedly improved as no aggregation is observed. The AFM images of these lm samples are depicted in the bottom panel of Fig. 4 . Note that the AFM image of P3HT: 10% DDAB-GO was obtained by scanning the attest section of the lm to avoid the largest aggregated sections. The roughness analysis of the images gives R q (the root mean square average of the height deviation) of 3.12 nm for P3HT, 13.6 nm for P3HT: 10% DDAB-GO, 7.41 nm for P3HT: 10% CI-DDAB-GO. This provides further conrmation that P3HT: 10% CI-DDAB-GO lm possesses a better surface morphology than P3HT: 10% DDAB-GO lm.
The UV-vis absorption spectra of the three lm samples are shown in Fig. 5a . Three peaks corresponding to the 0-0, 0-1, 0-2 absorption transitions in P3HT can be observed in all samples. As reported previously, the 0-0 absorption peak is attributed to transitions associated with intra-chain interactions, while the 0-1 and 0-2 peaks are related to interchain interactions. 25 Thus, both I 0-1 /I 0-0 and I 0-2 /I 0-0 can show the magnitude of interchain Scheme 1 Schematic of the reaction pathway of GO to DDAB-GO, then to CI-DDAB-GO. interactions in P3HT lms. The absorption spectra have been normalized at the 0-0 peak to simplify the comparison of peak intensity. The magnitudes of I 0-1 /I 0-0 and I 0-2 /I 0-0 for P3HT: 10% DDAB-GO are lower than those for P3HT. In contrast, P3HT: 10% CI-DDAB-GO shows signicantly larger I 0-1 /I 0-0 and I 0-2 /I 0-0 . Thus, DDAB-GO decreases interchain interactions of polymer chains when incorporated into P3HT, indicating a higher amorphous content of P3HT induced by DDAB-GO. On the other hand, CI-DDAB-GO can signicantly enhance the interchain interactions of P3HT chains. The PL spectra of the three lm samples with their intensity normalized at the 0-0 exciton emission peak are shown in Fig. 5b . Similar to the absorption spectra, the 0-1 and 0-2 maxima also represent the intensity of interchain interactions in P3HT.
14 From the analysis of the I 0-1 /I 0-0 and I 0-2 / I 0-0 ratio, it is concluded that the interchain interactions of P3HT molecules are effectively weakened aer the incorporation of DDAB-GO but enhanced by doping CI-DDAB-GO.
The time resolved photoluminescence decay proles of P3HT and the composite lms recorded at 660 nm (0-0 peak) by the TCSPC technique are shown in Fig. 6 . The tted decay PL lifetimes for P3HT, P3HT: 10% DDAB-GO and P3HT: 10% CI-DDAB-GO are 300 (AE2) ps, 249 (AE3) ps, and 209 (AE5) ps, respectively. Upon the incorporation of 10% DDAB-GO and CI-DDAB-GO, the shortened decay time for excitons of P3HT can be attributed to electron transfer from photo-excited P3HT to DDAB-GO and CI-DDAB-GO.
14 The excitons in P3HT: 10% CI-DDAB-GO decay faster than those in P3HT: 10% DDAB-GO even though the GO content is the same. This is likely because the P3HT/GO hetero-interface area in P3HT: 10% CI-DDAB-GO is larger than that in P3HT: 10% DDAB-GO due to the better dispersion of the CI-DDAB-GO sheets in the polymer matrix.
Grazing incidence wide angle X-ray scattering (GIWAXS) was used to investigate the structure of these composite lms. The 2-D GIWAXS images of P3HT, P3HT: 10% DDAB-GO, P3HT: 10% CI-DDAB-GO lms are shown in Fig. 7a-c respectively. The region selected for intensity projection along q z and q x,y are shown in Fig. 7a as rectangles. A well pronounced (100) peak along with small reection (200) and (300) peaks observed in all samples can be ascribed to the diffraction of P3HT lamellae.
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P3HT lamellae lie in the (100) plane are formed by p-p stacking of P3HT molecules with their alkyl side chains perpendicular to the plane. Diffraction peaks of P3HT mainly appear at the vertical directions of the 2-D image, indicating that the crystallized domains composed of P3HT lamellae are predominantly oriented parallel to the substrate. When DDAB-GO is doped, (100), (200) and (300) peaks spread out along the rings, implying the random orientation of P3HT crystals. For P3HT: 10% CI-DDAB-GO, these peaks are concentrated to the vertical direction again, implying the recovery of the P3HT crystal order with the comprised lamellae parallel to the substrate. The intensity projection proles along the q z direction (vertical) presented in Fig. 7d clearly show the (100) peak for P3HT is signicantly decreased upon doping with DDAB-GO and CI-DDAB-GO. The (100) peak intensity for P3HT: 10% CI-DDAB-GO is much higher than that for P3HT: 10% DDAB-GO, implying the existence of vertically oriented P3HT lamellae relative to the substrate. An enhancement of in-plane (100) peak for P3HT: 10% CI-DDAB-GO compared to P3HT and P3HT: 10% DDAB-GO is observed from the projection prole along q x,y . The result indicates the existence of vertically oriented P3HT lamellae in P3HT: 10% CI-DDAB-GO lm.
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Thus, structural models can be proposed as follows and depicted in Scheme 2. P3HT lms contain crystal domains oriented perpendicular to the substrate in which most P3HT molecules prefer the edge-on conguration. When DDAB-GO sheets are doped, P3HT lamellae become more randomly oriented due to the low compatibility between DDAB-GO and P3HT, effectively reducing the edge-on conguration. CI-DDAB-GO sheets can distribute more uniformly in the P3HT matrix with their sheet orientation parallel to the substrate owing to lateral size restriction, 28 thus recovering the ordering of P3HT crystal domains. However, owing to their exibility, CI-DDAB-GO sheets can be distorted resulting in P3HT crystals being less ordered than in the neat P3HT lms.
The current density versus voltage curves of three photodiode devices based on P3HT, P3HT: 10% DDAB-GO and P3HT: 10% CI-DDAB-GO in the dark and under illumination are shown in Fig. 8a . All devices have the one direction conducting properties except that based on P3HT: 10% DDAB-GO. Owing to the photoconductivity of P3HT, all devices show enhanced current density under illumination (J light ) compared to those obtained in the dark (J dark ). The ratio of J light to J dark at +1 V is dened as the on-off ratio in this work which can be regarded as an indicator of the performance of the devices as photodetectors.
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The device based on P3HT lm gives an on-off ratio of 1.2. J light and J dark for P3HT: 10% DDAB-GO are both higher compared to the other devices, giving an on-off ratio of 3.4. The dark current of the diode with P3HT: 10% CI-DDAB-GO, however, is much lower than that with pristine P3HT, which offers a relatively high on-off ratio (4.2). Devices based on P3HT and P3HT: 10% CI-DDAB-GO can rapidly respond to the light illumination during light-on/off switching cycles as shown in Fig. 8b, while the device based on P3HT: 10% DDAB-GO needs a much longer time to respond. For the latter device the on-off ratio is reduced to 1.5 aer the initial testing cycles (Fig. 8b) . Therefore, the incorporation of CI-DDAB-GO can effectively enhance the device performance of P3HT through the reduction of dark current while maintaining the response behavior to light illumination.
As P3HT lamellae are composed of p-p stacked P3HT molecules, P3HT crystal domains have higher charge mobility parallel to the lamellae than in the perpendicular direction. Thus, P3HT lm composed of P3HT crystal domains with the lamellae orientation parallel to the substrate possess low charge mobility in the vertical direction, giving low current density for the tested device. In P3HT: 10% DDAB-GO lm, the relatively random orientation of P3HT crystal domains gives higher charge mobility in the vertical direction, which is responsible for the large current density both in the dark and under illumination (J dark , J light ). Despite possessing less ordering of P3HT crystal domains compared to neat P3HT lm, P3HT: 10% CI-DDAB-GO lm shows decreased J dark and J light , implying decreased charge mobility in the vertical direction. This can be explained since the horizontally aligned CI-DDAB-GO in the lm mostly acts as a charge carrier barrier owing to its insulating nature and effectively blocks the charge transportation pathways in the vertical direction. However, the photo-current (J light -J dark ) for P3HT: 10% CI-DDAB-GO is preserved and slightly increased. Therefore, the on-off ratio is enhanced in P3HT: 10% CI-DDAB-GO.
Conclusions
DDAB functionalized GO (DDAB-GO) was treated by 2-chlorophenyl isocyanate (CI) to obtain CI-DDAB-GO with decreased hydrophilicity. It has been demonstrated that CI-DDAB-GO shows improved compatibility with the conjugated polymer, P3HT, compared to DDAB-GO. CI-DDAB-GO sheets can be homogeneously dispersed with P3HT, giving a lm morphology much better than P3HT:DDAB-GO composites. The incorporation of CI-DDAB-GO can reduce the dark current of P3HT composite based devices by blocking the vertical charge transport pathways while maintaining the photo-current, showing its potential to enhance the performance of electronic devices based on conjugated polymer composites.
